Abstract Although little is known about the relationship between aboveground and belowground biota and ecosystem services in urban soils, the scarce data suggests that plant coverage has a key role in influencing the urban C and N cycles. Plant litter quality and quantity have been addressed as one the major factors determining the rate of nutrient and organic carbon cycling in urban soils. However, the land-use history of urban soils, frequency of disturbances and abiotic-biotic conditions may largely contribute to the effects of aboveground biota on decomposition process. Here we studied the decomposition process of different litter types (labile and recalcitrant litter) in two structurally and chemically divergent urban soils (landfill sandy soil and richer park soil). At both of these urban sites, a reciprocal litter placement experiment was performed to distinguish the effects between plant coverage (plant treatment) and litter type on litter decomposition processes. As hypothesized, labile litter decomposed faster than recalcitrant litter at both urban soil types. Urban soil type however, had a clear impact on degradation rate of the litter: all litter types decomposed at higher rates in park soil with higher organic matter and soil moisture content. Unexpectedly, the plant treatment did not affect the degradation rate of the litter although it did have a significant influence on the abundance of litter-inhabiting Collembola in landfill soil. Our study suggests potentially higher carbon retention in urban soils under recalcitrant litter producing plants in comparison to plant-soil systems with labile-litter producing plants.
Introduction
Land-use changes due to rapidly increasing urbanization pose a major threat on ecosystems and their functions worldwide (Pickett et al. 2001) . In particular, soils are often severely altered through the urbanization process (Byrne et al. 2008; Yaalon 2007) . Urban soils are traditionally described as being highly artificial and disturbed (Craul 1992) , although soils in urban parks and gardens can share many features typical to agricultural and even natural soils (De Kimpe and Morel 2000) . One of the key factors distinguishing urban soils from natural soils is their high spatial heterogeneity in various ecological patterns and processes (Byrne 2007; Pavao-Zuckerman 2008; Pickett et al. 2008) , and their ability to create an "urban soil mosaic" (Pouyat et al. 2006) .
Soil organic carbon (SOC) content has been shown to vary within and between different types of urban areas (Jenerette et al. 2006; Pouyat et al. 2002 Pouyat et al. , 2006 Scharenbroch et al. 2005) . Although soils in urban parks and lawns can have a high organic matter content and high biological activity (Kaye et al. 2005; Natuhara et al. 1994) , other urban soils, such as those in industrial areas and other heavily constructed sites, can be considered as biological deserts (Alberti 2008; Pouyat et al. 2002) . The reason for such vastly impoverished sites stems from the lack of primary producers, and consequently, a drastically reduced input of plant-derived litter and other resources (Pouyat et al. 2002; Scharenbroch et al. 2005 ). In C poor soils, the inherent and invaluable ecosystem services, such as the ability to retain nutrients, detoxify harmful substances and sequester carbon, can be drastically hampered (Fitter et al. 2009 ).
In addition, the quality of primary production, i.e. the type of litter material entering the soils, also influences soil organic matter content (Wardle 2002) . Here, soil biota plays a decisive role in controlling the decomposition rate of plant residues and the concomitant dynamics of nutrients and carbon (Bardgett et al. 2005; Wardle 2002 ). There is a wealth of data that show plants producing recalcitrant compounds (lignin, tannins, polyphenols) increase the humus content of soils through hindered decomposition rate (Meentemeyer 1978; Meier and Bowman 2008; Mutabaruka et al. 2007 ). Furthermore, the quality of plant litter has been shown to greatly affect the decomposer community structure (Paterson et al. 2008) , which, in turn, is likely to reflect the rate of material and energy turnover in soils (Coleman et al. 1983; De Deyn et al. 2008; Moore et al. 2005) . A fungal-based decomposer system or "energy channel" sensu Moore and Hunt (1988) , is generally of higher importance in degrading recalcitrant plant litter in comparison to labile litter (Paterson et al. 2008; Wardle et al. 2004) . Consequently, recalcitrant litter usually harbors a rich fungalfeeding decomposer community (including collembolans and oribatid mites), while labile litter types typically home bacteria and bacterial-feeding fauna. The latter plant-soil system is efficient in the transferal of both energy and matter, and builds upon a bacterial-based energy channel (Rooney et al. 2006) .
Decomposition processes in urban soils are still poorly understood. It has been suggested that urbanization may alter soil food web structure and the processes soil biota carry out, through the reduction of both the input of organic matter to the soils and the litter quality (Cotrufo et al. 1995; Pavao-Zuckerman and Coleman 2005) . For instance, Carreiro et al. (1999 ), McDonnell et al. (1997 and Pouyat and Carreiro (2003) found that oak litter with high lignin content from urban forests was more recalcitrant than oak litter from rural sites rich in labile compounds. In contrast, Sirulnik et al. (2007) showed that high N deposition (simulated with N-addition to soil), typical in Southern California, increased the nitrogen content and decreased the lignin content of B. diandrus litter. This resulted in a faster nitrogen release from the litter to the soil when compared to low N input rural systems.
The aim of the current study was to compare litter decomposition dynamics in two different urban soils: an artificial land-fill soil and soil from a typical urban park. At both of these urban sites, a reciprocal litter placement experiment was performed to distinguish the effects between plant rhizosphere and litter treatment on litter decomposition processes. Furthermore, we examined whether the established urban rhizospheres could provide a "home-field advantage" for litter decomposition, i.e. whether a given litter decomposes best when placed under the same plant species it derives from (Ayres et al. 2009; .
The current experiment employed previously established field sites in the City of Lahti, Southern Finland in which experimental plant communities with varying functional traits (sensu Grime 1974) and litter qualities had been established. Our previous observations from the study sites demonstrated that plant species (representing different plant functional types) had a rapid impact on belowground community structure which, in turn, reflected in nitrogen cycling and leaching losses from the urban plant-soil systems (Vauramo and Setälä, unpublished 
Material and methods

Experimental design
A reciprocal litter placement experiment was conducted at two urban sites (referred to as "Landfill site" and "Park site") situated in the city of Lahti, Southern Finland. The experiment employed the set-up of a previously established plant manipulation experiment (see details in Vauramo and Setälä, unpublished) . Briefly, the two urban sites differed in regard to age (Landfill site = young, unsettled made land; Park site = older site with settled soil), management intensity (Landfill site = not managed; Park site = additions of fertilizers and pesticides), organic matter content of the soil (Landfill = 2%, Park = 9%), and soil texture (Landfill site = sandy till, Park = fine silt/clay). Both study sites had the following five plant treatments (N=5 per treatment): Calluna vulgaris & Picea abies (coniferous tree and shrub), Lotus corniculatus (legume), Holcus lanatus (grass), mixed community containing all plant traits, and weeded, bare soil plots as a plant-free control. The plant treatments were composed in 1 m 2 plots and set up in June 2004. Plots containing the plant populations/communities and their respective rhizosphere soils were allowed to establish for a period of 1 year before beginning a litter-bag experiment. The desired plant community composition in the plots was maintained by carefully hand-weeding the unwanted plants once a month during the growing seasons.
For the analysis of litter mass loss, both the Holcus and Lotus litters were collected at the experimental sites after the first growing season in autumn 2004. The harvest yield of Lotus litter from the field plots was insufficient for the litterbag study, therefore, approximately one third of the Lotus material was container grown in a greenhouse in soils from either the Landfill or Park site. The litters of Calluna and Picea were separately collected from a pine forest floor nearby Lahti in the Spring of 2005. The litters were oven dried (+60°C, 24 h) and the C/N -ratio was measured using a carbon analyzer Leco CNS-2000 (Leco Corporation, USA). The C/N -ratios of the litters before placing in the soils (see below) were: Lotus 12:1, Holcus 24:1, Picea 53:1 and Calluna 54:1.
Because of the varying structures (and thus volume weight) of the plant litter types, different litter amounts (as dry weight) were placed in the litterbags: Holcus 1 g, Lotus 0.5 g, Calluna and Picea (1:1) 2 g, litter mix consisting of Holcus, Lotus, Calluna and Picea (4:4:1:1) 1.25 g. A separate set of litter bags (see below) with the same litter types as described above were constructed and placed in the soil for the analysis of decomposer communities.
Litterbags (7 cm×7 cm) consisted of nylon fabric with mesh size of either 0.5 mm (mass loss bags; N=5 per treatment) or 3 mm (soil faunal analysis bags; N=5 per treatment). Small mesh size was selected for mass loss analysis to prevent the entering of the soil macrofauna and dropping of the small litter particles. The litterbags were randomly placed into a small pocket approximately 2 cm below the soil surface by cutting with a sharp knife. The individual locations of the bags were marked. Accordingly, each litter type was placed into every plant treatment plot which was established in early July, 2005. The experiment followed a threefactor design with "Litter type", "Plant treatment", and "Site" as fixed factors.
Analysis of samples
To determine litter mass loss, the litterbags were carefully removed from the soil (18 weeks after being placed into the soil at the Park site; 38 weeks at the Landfill site) and transferred to the laboratory. Any roots that had grown into the litterbags were carefully removed and the remaining litters were oven dried (+60°C, 24 h) and weighed (±0.01 g) to determine mass loss. Samples were collected at the early stage of the decomposition because of the high decomposability of labile litters, in particular, from Lotus.
For the analysis of soil microarthropods, the litterbags were carefully removed from the soil and stored in a cold room (+5°C) before extracting the animals using a modified high gradient apparatus (Macfadyen 1961 ) for 7 days. The soil-fauna samples were stored in a solution of ethylene glycol: water (1:3) prior to counting and identifying (at the group level) under a binocular.
At the same time of litterbag sampling, soil samples (the uppermost 10 cm soil) were taken from each plot using a soil corer (3 cm diam.) for the analysis of soil pH and moisture.
Statistical analysis
The set-up of this reciprocal litter placement experiment was designed to be three-factorial with "Plant treatment", "Litter type" and "Site" as fixed factors. We intended to use MANOVA, but due to the often heterogeneous variances and abnormal distribution of the data it could not be used. A non-parametric 2-factor Kruskal-Wallis test was applied instead (Ranta et al. 1989) . The original idea of comparing litter decomposition between the two soil types (Landfill and Park) failed due to technical problems associated with sampling the litterbags in early winter. The litterbags were sampled at different times, thereby not allowing us to treat "Site" as a fixed factor. The litterbags placed in the soil at the Park site were sampled in November 2005, while those in the Landfill soil were sampled after the winter in May 2006. The effects of the factors "Litter type" and "Plant treatment" were thus tested separately for the two urban sites. A non-parametric Tukey test was applied for pair-wise comparisons of the treatments within the two (plant and litter) factors (Ranta et al. 1989) .
Results
Abiotic characteristics of the soil
At the time of litterbag collection, the soil water content was 23±1.3% of the fresh mass at the Park site (November 2005; monthly precipitation 68 mm) and 6±2.0% at the Land-fill site (May 2006; monthly precipitation 15 mm).
Mean soil pH (±S.D.) was 7.6±0.2 and 6.3±0.2 at the Land-fill site and Park site, respectively.
Litter mass loss
All litter types degraded faster at the Park site (Fig. 1a) despite the 20 week shorter decomposition time in comparison to litter types from the Landfill site. The mass loss mean values from the different plant treatment plots for Calluna & Picea litter, Lotus litter, Holcus litter, and, the litter-mix were 3, 2, 11 and 11% higher at Park site, respectively.
Litter type imposed a significant main effect on litter mass loss at both study sites (Tables 1 and 2 ), while the Plant treatment showed no effect on litter mass loss rates. Lotus litter decomposed significantly faster than that of Calluna & Picea litter (p<0.001), Holcus litter (p<0.01) and the litter-mix (p<0.05) (Fig. 1) . Holcus litter and the litter-mix decomposed faster than Calluna & Picea litter (both p<0.05) at both sites.
Microarthropods in the litter
Litter type had a significant main effect on the number of collembolans at both sites (Tables 1 and 2 ). At the Park site, Calluna & Picea litter and the litter mix had significantly (p<0.01) more collembolans in comparison to Holcus and Lotus litter (Fig. 2a) . At the Landfill site, both Plant treatment and Litter type imposed significant main effects on the number of collembolans (Table 2) . Litter placed underneath Calluna & Picea or bare soil harbored significantly more collembolans than litter placed in Holcus rhizosphere in Landfill soil. Lotus litter had significantly less (p<0.05) collembolans than Calluna & Picea litter, Holcus litter or the litter-mix (Fig. 2b) . At both sites, the majority of collembolans in each litter type belonged to the families Isotomidae and Entomobryidae, (ecomorphologically similar to hemiedaphic forms by Hopkin 1997) .
Neither the predatory mites nor oribatid mites were affected by the Plant or Litter treatment at the two study sites. Litterbags deposited in the Landfill site generally contained higher numbers of microarthropods than the Park site litterbags. The number of oribatid mites varied between 0.1 and 2 individuals g −1 dm litter at the Park site, and, between 0.4 and 4.3 individuals g −1 dm at the Landfill site. The abundance of predatory mites varied between 0.1 to 1.6 individuals g −1 dm at the Park site, and, between 0.1 to 13 individuals g −1 dm at the Landfill site. In other words, decomposition rate of the mixed litter did not deviate from the expected value derived from the degradation rate of the single species In contrast to our hypothesis, urban soil type (Park soil vs. Landfill soil) appeared to have an impact on the degradation rate of plant litters. Due to the fact that the litterbags at the Park site were collected in early winter (November), and, those at the Landfill site after the winter (May), direct comparison of the litter degradation rates between the two urban sites is problematic. However, an unexpectedly higher proportion of each litter type was decomposed at the Park site than in the Landfill site. The higher decomposition rate at the Park site is likely due to a finer soil texture and higher organic matter content of the soil, which are known to efficiently preserve soil moisture and provide favorable conditions for microbial growth (Donnelly et al. 1990 ). Indeed, soil moisture was higher at the Park site than at the Landfill site, not only at the time of samplings, but also throughout the entire experiment. For instance, the soil water content in August 2005 was 9±1.4% and 20±1.6% in Land-fill site and Park site, respectively (Vauramo, unpublished data) . However, as the biomass of soil microbes in August 2006 was equal at both study sites (Vauramo and Setälä, unpublished) , the higher decomposition rate at the Park site may be a result from the inherent higher metabolic activity of the soil microflora.
In contradiction with our second hypotheses, Plant treatment (via the rhizosphere effect) did not play a significant role in affecting the decomposition rate of plant litter. The decomposition rate depended on the litter type rather than on the rhizosphere within which In Fig. 2a different letters indicate differences between the litter types (a non-parametric Tukey test; p<0.01). In Fig. 2b , the different letters above the columns denote the significant differences between the plant treatments and the letters above the vertical lines indicate significant differences between the litter types (a non-parametric Tukey test; p<0.01). Note the different scale in the y-axis between panels a and b decomposition took place, thereby also refuting the hypothesis of any "home-field" advantage of litter decomposition occurring. The equal decomposition rate of the litter materials in each plant treatment, including the weeded plots, indicates relatively similar abio-biotic conditions in these soils. This is surprising given the large variation in the biomass of the different plant types (Vauramo and Setälä 2010) . Interestingly, the equally high decomposition rate of litters placed in plant-free, weeded soils was unexpected, since living plants are considered to accelerate decomposition processes (van der Krift et al. 2002; Subke et al. 2004) . Furthermore, the unexpectedly high biomass of roots in litterbags placed in Holcus plots did not affect litter decomposition. The rhizosphere effects on decomposition of soil organic matter have been shown to be highly dependent on the growth stage of the plants (Cheng et al. 2003) . Thus it is possible that the lack of impact by plants on belowground processes in the present study can, at least partly, relate to the phenology of the plants. In addition, plant communities were probably not fully developed after 1 year from the planting diminishing the potential plant treatment effect.
Effects of plant carbon legacy on decomposer biota
Although plant treatment did not affect the decomposition rate of plant litter, it did have a significant influence on the abundance of litter-inhabiting Collembola. The Plant treatment effect was, however, significant only in the Land-fill soil. A higher abundance of collembolans was detected in litter placed under Calluna & Picea plants in comparison to Holcus plants in Land-fill soil. This further supports our third hypothesis that plant rhizosphere effects, as well as litter quality effects, can control the development of soil invertebrates.
Interestingly, the abundance of collembolans was generally much higher in the litter deposited in the soil at the OM-poor Landfill site than at the OM rich urban Park site. Our results indicate that the abundance of litter-inhabiting Collembola were equally or even more strongly affected by the plant treatment than by the litter type at Land-fill site, while at the Park site, only the litter type had an effect. This is likely the result of a lack of "plant carbon legacy" or "ecological memory" (sensu Schaefer 2009) in the Land-fill soil. It was observed prior to the start of the field trial that little, or if any, accumulation of plantderived C had taken place at the Land-fill site, thus rendering the decomposer biota to be utterly dependent on C-sources provided by the living plants (Vauramo and Setälä 2010) .
The abundance of some fungal feeding fauna was highest in those litterbags containing recalcitrant litter, which supports our third hypothesis of different decomposer resource-use profiles in poor vs. high quality litter. The combined Calluna & Picea litter had a higher abundance of collembolans in comparison to Lotus litter at both sites. Due to their feeding preference for fungi (Berg et al. 2004; Faber 1991) , the high abundance of Collembola in the recalcitrant litters can indicate the dominance of fungi in the litter (Coleman et al. 1983; Moore and Hunt 1988; de Ruiter et al. 1995) . This finding is in accordance with our earlier observations (Vauramo and Setälä 2010) , whereby a bacterial-dominated urban soil food web can change towards fungal dominance in soil containing plants (traits) producing poorquality litter. Although the soil microbial community in Calluna & Picea systems had a significantly higher fungal-to-bacterial ratio than other plant-soil systems, the fungalfeeding soil animal community did not respond accordingly (Vauramo and Setälä 2010) . However, this may be solely due to the lack of appropriate substrates for decomposers from young Picea and Calluna seedlings (Vauramo and Setälä 2010) .
The relatively high microarthropod abundance in the various litter types present in weeded, bare soil plots at both sites was unexpected. This challenges the idea of the decisive role of living plants as a structuring force of decomposer communities (Wardle et al. 2004; Zak et al. 2003) . Importantly, the collembolan abundance (as estimated by mass unit of soil/litter) was 20 to 700 times higher in plant litter in comparison to the surrounding rhizosphere soil (Vauramo and Setälä 2010) , the greatest difference occurring between the weeded bulk soil and the litter placed in the weeded soil. Thus it seems that the litterbags served as an "oasis" for the soil faunal. It is also possible that soil fauna were able to colonize the litter-bags in the weeded plots from neighboring plots, even though the plots were placed at least 0.5 m apart from each other. However, a more plausible explanation is that the relatively high abundance of microarthropods in bare soil litter-bags serves as an example of soil microarthropod community response to resource quantity/quality changes in systems with low carbon input (Byrne et al. 2008 ). Although we did not estimate the abundance of decomposers in mass loss litter-bags, it is to be noted that the variation in the abundance of the litter decomposer fauna did not affect litter decomposition rate.
Implications for urban carbon cycling
It has been suggested that climate and ecoregion type can largely determine the impact of urbanization on carbon dynamics in urban areas (Kaye et al. 2005; Lorenz and Lal 2009; Pouyat et al. 2006 Pouyat et al. , 2009 . Pouyat et al. (2006) estimated that temperate regions in the U.S. may potentially lose soil organic carbon due to urbanization, while arid ecosystems have a potential to increase belowground C storage. Conversion of semiarid and arid ecosystems to urban land use in the form of lawns was shown to have potentially larger impacts on Ccycling rates and consequently, on C storage than climate change (Kaye et al. 2005) . Due to altered environmental conditions, the urban regions have been said to serve as small laboratories in studying the land-use or climate change effects on biota (Alberti 2008) .
Our results show that the short-term decomposition rate of the recalcitrant litter was clearly lower than the decay rate of labile litter at both urban soil types suggesting potentially higher carbon retention in these plant-soil systems in comparison to systems with labile-litter producing plants. This supports the "plant-trait approach" of De Deyn et al. (2008) , which predicts a higher C-sequestration in soils under plants producing recalcitrant litter. This can provide opportunities for new, carbon-economic planning of urban green spaces. Today, the majority of urban parks are maintained as lawns with exotic grasses and forbs as dominant plant traits (Alberti 2008) . However, in the future, there might be a growing demand in urban areas to increase the use of plant species which are natural to a given ecoregion because of the problems related to invasive exotic species (Cilliers et al. 2008; Pickett et al. 2001) . Urban areas in boreal regions, and to some extent in temperate, native plant species (slow-growing trees and shrubs) that produce slowly decomposing litter can be a way to enhance C sequestration in the soils and consequently, to improve soil fertility. Furthermore, the parent material of urban soils has also been speculated to affect the potential of urban areas to store organic carbon (Lorenz and Lal 2009) , although very little is known about this field. According to our findings, it can be hypothesized that urban soils with lower organic matter and coarse texture may serve in climate change mitigation and act as a carbon sink due to a slower decomposition rate. However, more experimental tests are needed to confirm this.
